Abstract Short bowel syndrome (SBS) continues to be an important clinical problem due to its high mortality and morbidity as well as its devastating socioeconomic effects. The past 3 years have witnessed many advances in the investigation of this condition, with the aim of elucidating the cellular and molecular mechanisms of intestinal adaptation. Such information may provide opportunities to exploit various factors that act as growth agents for the remaining bowel mucosa and may suggest new therapeutic strategies to maintain gut integrity, eliminate dependence on total parenteral nutrition, and avoid the need for intestinal transplantation. This review summarizes current research on SBS over the last few years.
Introduction
Short bowel syndrome (SBS) is defined as intestinal failure following the loss of intestinal length or competence below the minimal amount necessary for the absorption of nutrients to maintain a normal nutritional status [1] [2] [3] . SBS typically follows resection of 50% or more of the small intestine and is associated with diarrhea, steatorrhea, dehydration, electrolyte disturbances, malabsorption and progressive malnutrition [2, 3] . SBS is a common problem in pediatric surgery and occurs in newborns and infants suffering from necrotizing enterocolitis, intestinal atresia and volvulus requiring massive intestinal resection. In adults, Crohn's disease, radiation enteritis, massive resections due to catastrophic mesenteric vascular events, intestinal obstruction, and trauma represent the more common causes of SBS [4] . SBS remains a significant cause of infant morbidity and mortality despite the availability of total parenteral nutrition (TPN), advances in resuscitation, availability of potent antibiotics, and modern techniques of organ support [5] .
The key to survival after massive small bowel resection is the ability of the residual intestine to adapt. In this setting, adaptation means progressive recovery from intestinal failure throughout which the small bowel increases its absorptive surface area and its functional capacity in an attempt to meet the body's metabolic and growth needs [6] . Intestinal adaptation constitutes the best option for patients with SBS. In humans, intestinal adaptation begins within 24-48 h of resection and includes morphologic (structural adaptation) and functional changes (functional adaptation) of the residual bowel. Structural adaptation includes increasing bowel diameter and length, lengthening the villi, deepening the crypts, and increasing the rate of enterocyte proliferation, finally resulting in increased absorptive surface area and an increased numbers of enterocytes. Functional adaptation entails modifications of the brush border membrane permeability and upregulation of carrier-mediated transport, ultimately resulting in increased nutrient absorption by isolated enterocytes. The dynamic process of enterocyte turnover is a function of the rates of crypt cell proliferation, migration along the crypt-villus axis, proliferation, and death via apoptosis. This process may be affected by nutritional status, the route of feeding, and the adequacy of specific nutrients in the diet. Apoptosis or programmed cell death is an active, genetically controlled process of cell suicide. It is a physiologic process whereby the body disposes of unwanted cells by self-destruction and is our greatest defense against damaged cells [7] . In contrast to necrosis, which is more of an accidental death process, apoptosis comprises highly regulated and reproducible events that eventually lead to cell death. Several regulatory genes affecting apoptosis have been identified and divided into pro-apoptotic genes (bax, bik, bak, bcl-xs, bad, p53, cjun, hrk) and anti-apoptotic genes (bcl-2, bcl-x L , rb, mcl-1, a1, brag-1, bfl-1) [8] . Recent evidence has demonstrated that apoptosis increases in SBS [9] . Enhanced enterocyte apoptosis following bowel resection is a mechanism which counterbalances the increased enterocyte proliferation in order to reach a new homeostatic status during intestinal adaptation and which promotes the disposal of genetically aberrant stem cells and prevents tumorigenesis (9) . In a recent experiment, Jarboe et al. [10] examined the role of bax in exaggerated postresection apoptosis induced by epidermal growth factor receptor inhibition in a mouse and demonstrated that bax is required for the induction of such cell death. Moreover, defective epidermal growth factor receptor signaling augmented resection-induced enterocyte apoptosis via a mechanism that also requires bax expression.
Identification of factors that promote growth and regeneration of the intestinal epithelium and reduce apoptosis may suggest new therapeutic strategies for maintaining gut integrity following massive small bowel resection. Not all investigators, however, support this concept. Juno et al. [11] recently examined mucosal growth after small bowel resection in bax-null and corresponding wild-type (WT) mice. They had expected increased enterocyte apoptosis after bowel resection in the WT mice and unchanged apoptosis in the bax-null mice but all parameters of adaptation and proliferation increased equally after bowel resection in both groups of mice. The authors concluded that while bax deficiency prevents an increase in enterocyte apoptosis after bowel resection, attenuation of postresection enterocyte apoptosis does not augment mucosal adaptation to massive intestinal loss [11] .
Enhancing intestinal adaptation
Although intestinal transplantation (IT) has emerged as a feasible alternative in the treatment of children with SBS during the last two decades, intestinal adaptation remains the only chance for survival in a subset of these patients. Considerable research over many years has focused on the identification of those trophic factors that may promote bowel absorption after massive intestinal resection and provide a successful outcome in patients with SBS. These factors include nutrients and other luminal constituents, gastrointestinal secretions, hormones and peptide growth factors [2, 3, 6] .
Adaptation and nutrients
The initial management of patients with SBS typically involves TPN. TPN is usually initiated as soon as clinical stability allows, and provides adequate total caloric intake and the necessary amounts of nutrients and micronutrients. Importantly, it also ''buys time'' for gradual tolerance of enteral feedings and successful adaptation of the intestine. Early gradual introduction of enteral feedings also plays an important role in successful postoperative management. It is well documented that exposure to intraluminal nutrients is required for the stimulation of intestinal adaptation in general and in mucosal hyperplasia in particular [2, 12] . Therefore, many experts in the management of SBS recommend attempting enteral feeding as early as possible [2] . The mechanism whereby food induces this adaptation is unknown. It is likely that enteral nutrition works through a number of smechanisms, including stimulation of mucosal hyperplasia by direct contact with the epithelial cells, stimulation of trophic gastrointestinal hormone secretion and stimulation of the production of trophic pancreaticobiliary secretions [13] . Although enteral feeding is one of the major trophic factors in the stimulation of intestinal adaptation, not all nutrients have equal stimulating trophic effects. Long chain fatty acids (LCFAs) are considered the most effective among the factors promoting postresection intestinal adaptation [2] . Although there is a decreased ability to absorb many nutrients following resection, lipid absorption is generally considered the most vulnerable. The combined loss of absorptive surface area and compromised enterohepatic circulation, decreased bile acid pool and relative pancreatic insufficiency result in inefficient absorption of fat and subsequent steatorrhea. Therefore, patients with SBS have been considered to benefit from a low fat diet early in the course of therapy [14] . It has been shown, however, that LCFAs appear to be more effective stimulators of intestinal adaptation than either medium-chain fats or carbohydrates [15] . Our group recently showed that early exposure to a high-fat diet augmented and accelerated intestinal regrowth after massive small bowel resection in a rat [16] . In addition, dietary lipids increased the absorptive capacity of the intestinal remnant, improved food and fat absorption, and restored plasma and tissue lipid content in this model [17] . In contrast, a low-fat diet significantly inhibited postresection intestinal regrowth. In an earlier study [18] , we demonstrated that exposure to a low-fat diet following small bowel resection in rats inhibited all parameters of intestinal adaptation (bowel and mucosal weight, mucosal DNA and protein, villus height and crypt depth, and rate of enterocyte proliferation). A lowfat diet affected adaptive responses by an inhibition of enterocyte proliferation and did so independent of enterocyte apoptosis [18] . In another investigation [19] , we reported that depletion of dietary fat inhibited cellular and molecular mechanisms of LCFA absorption by isolated enterocytes in the same model. This was associated with a decrease in LCFA plasma-membrane transport protein fatty-acid translocase (FAT) (the rat homologue of human CD36) and with a decrease in isolated enterocyte [3H]-oleate uptake as measured by an established cellular LCFA transport assay [19] .
Extensive studies in various experimental models of SBS have established that many amino acids (for example, glutamine) strongly stimulate the intestinal adaptive response. Arginine is a dibasic non-essential amino acid processed metabolically by the urea cycle. It plays an important role in many physiologic and biologic processes beyond its role as a protein-incorporated amino acid. Dietary supplementation with arginine has been shown to enhance wound healing, regulate endocrine activity and potentiate immune activity. Arginine has attracted much interest over the past two decades after having been identified as the natural substrate of nitric oxide, and is now recognized as playing a major role in many regulation processes. We recently investigated the effects of oral arginine on intestinal regrowth following massive small bowel resection in a rat. Our findings showed that oral arginine impairs postresection intestinal regrowth in rats through a decrease in enterocyte proliferation and an increase in cell death via apoptosis [20] . This effect was the opposite of the positive gut trophic effects of arginine reported in many gastrointestinal disorders, such as intestinal ischemiareperfusion injury, ulcerative ileitis, and radiation enteritis [21] . We hypothesized that the effects of arginine and nitric oxide on enterocyte proliferation and apoptosis may be different in proliferating and nonproliferating intestinal mucosa.
Vitamin A is essential for normal growth and for differentiation of epithelial tissues. Extensive studies in various experimental models have established that vitamin A may regulate intestinal epithelial cell proliferation and regeneration. Swartz-Basile et al. [22] examined the mechanisms by which the status of vitamin A affects adaptation by analyzing proliferation, apoptosis, and enterocyte migration in the early postoperative period after bowel resection in the rat. Both crypt cell proliferation and enterocyte migration rates were significantly decreased in the vitamin A-deficient rats subjected to submassive small bowel resection. In contrast, apoptosis was significantly greater in the remnant ileum of resected vitamin A-deficient rats compared to control animals. The authors concluded that vitamin A deficiency inhibits intestinal adaptation following partial small bowel resection by reducing crypt cell proliferation, by enhancing early crypt cell apoptosis, and by markedly reducing enterocyte migration rates [22] .
Intestinal adaptation and hormones
It is widely accepted that the adaptive response is controlled in part by the release of one or more of the gut signaling hormones. These include enteroglucagon, neurotensin, peptide YY, growth hormone, and insulin like growth factor [23] . Additionally, enteral feeding stimulates the release of enterotrophic hormones (gastrin, cholecystokinin, neurotensin) which have an important role in the process of gut adaptation. There is growing evidence in animal models of SBS that some hormonal manipulation can improve intestinal adaptation.
Extensive studies in various experimental models of SBS have established that exogenous administration of growth hormone enhances mucosal hyperplasia and increases water, electrolyte and nutrient absorption [24, 25] . In a rabbit model of SBS, Avissar et al. [26] recently demonstrated that treatment with growth hormone for 2 weeks restored a Na(+)-dependent broad-spectrum neutral amino acid transporter (ATB(0)/ASCT2) protein in the jejunum and ileum, which is responsible for downregulated glutamine transport in rabbit residual bowel following 70% small bowel resection [26] .
Since Wilmore et al.'s [27] demonstration that a combination of growth hormone, glutamine and a specialized diet enhanced intestinal compensation and optimized nutrient absorption in patients with intestinal failure, many similar studies have been conducted with inconsistent results. For example, Matarese et al. performed a systematic search of electronic databases and the Internet for the purpose of compiling the evidence published to date on this subject. The authors concluded that the administration of recombinant human growth hormone alone or together with glutamine with or without a modified diet may be beneficial when the appropriate patients are selected for treatment [28] .
We recently studied the effect of gender and sex hormones on intestinal adaptation in a rat model of SBS and showed that bowel regrowth following massive small bowel resection in the rat was not gender related. A depletion of androgens by castration in male rats, however, did inhibit intestinal adaptation while, in contrast, treatment with exogenous testosterone appeared to strongly stimulate intestinal regrowth following bowel resection in male rats [29] .
Enteroendocrine glucagon-like peptides GLP-1 and GLP-2 are synthesized and released from enteroendocrine cells in the distal small intestine and large intestine. GLP-1 promotes efficient nutrient assimilation while GLP-2 regulates energy absorption via effects on nutrient intake, gastric acid secretion, gastric emptying, nutrient absorption and mucosal permeability [30] . Evidence that GLP-2 is important in controlling intestinal adaptation following bowel resection has come from experiments by Litvak et al. [31] . In addition, Martin et al. [32] have recently shown that luminal nutrients stimulate bowel growth and differentiation by stimulation of GLP-2 secretion, and that GLP-2 levels significantly correlated with the magnitude of intestinal resection and nutrient malabsorption. Uluutku et al. [33] investigated the trophic and functional effects of bombesin on remaining gut in rats with SBS and showed an increased absorptive capacity and improved serum protein and albumin levels following bombesin administration, even in the absence of elemental nutrition.
Because of its antisecretory properties, somatostatin has been advocated for the treatment of patients with SBS. Somatostatin decreases diarrhea and stoma output following massive small bowel resection. We examined the effect of Sandostatin (octreotide acetate) on structural intestinal adaptation, cell proliferation and apoptosis in a rat model of SBS [34] . Sandostatin decreased cell proliferation and inhibited structural intestinal adaptation following massive small bowel resection in the rat. In light of these results, we consider that somatostatin should be avoided following massive small bowel resection in order to prevent its inhibitory effects on bowel regrowth.
Adaptation and peptide growth factors
The investigation of peptide growth factors has been one of the most exciting areas of gastroenterological research in the past four decades. Peptide growth factors are divided into several families based on their structure and mechanisms of action. They include the epidermal growth factor (EGF) family, the transforming growth factor b (TGFb) family, the insulin-like growth factor (IGF) family, the fibroblast growth factor (FGF) family, keratinocyte growth factor (KGF), glucagon-like peptide-2 (GLP-2), hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), trefoil peptides, hematopoietic stem cell factor, and others.
Transforming growth factor-alpha (TGF-a) is a 5.5 kDa protein containing 50 amino acid residues that share 35% structural homology with EGF, a common membrane receptor with a similar spectrum of biological activity. We demonstrated that exogenous TGF-a clearly accelerates intestinal re-growth following bowel resection in the rat [35] , and showed that both increased cell production and decreased cell death via apoptosis were responsible for this positive effect.
The IGF system was discovered as a group of factors in serum that mediate the growth-promoting effects of growth hormone on the skeleton [36] . This system includes the ligands IGF-I and IGF-II, the receptors IGFRs type 1 and type 2, and six high-affinity bindings proteins (IGFBPs 1-6) that modulate IGF cellular actions [37] . The role of the IGF system in growth and differentiation of bowel during development has been reported by many investigators [38, 39] , and systemic or local IGF-I administration has been shown to enhance bowel regrowth and improve nutrient absorption in many animal models of SBS [40, 41] . Although a positive effect of IGF-I in SBS has been reported by many investigators, little evidence exists to indicate that insulin may affect intestinal growth following bowel resection. The results of our recently completed study [42] have shown that subcutaneous insulin moderately simulated intestinal mucosal regrowth in jejunum and ileum after a 75% small bowel resection in a rat model of SBS. At the same time, oral insulin dramatically enhanced structural intestinal adaptation in ileum and had a less significant stimulation effect in jejunum compared to subcutaneous insulin.
KGF is a form of an endogenous epithelial tissue growth factor that stimulates the growth of cells on the surface of the gastrointestinal tract. Yang et al. [43] have recently demonstrated that intraepithelial lymphocyte (IEL)-derived KGF promotes intestinal epithelial cell proliferation and increases villus growth in a mouse model of SBS. KGF expression was highest in the crypts, and decreased progressively in the lower and upper portion of the villi. SBS was associated with an upregulation of IEL-derived KGF expression, while TPN administration was associated with a downregulation of IEL-derived KGF expression.
SBS and sepsis
Sepsis is a leading cause of death in patients suffering from SBS. The majority of the septic episodes occur in patients who receive TPN and are mostly related to the catheter. The role of bacterial overgrowth with subsequent bacterial translocation (BT) has also been described at length. Asensio et al. investigated BT after four different types of gut resection in rats that were fed orally or received TPN. Their results showed that both small bowel resection and TPN were associated with increased BT. Interestingly, the extent of BT in this experiment decreased after resection of the ileo-cecal valve [44] . O'Brien et al. [45] examined intestinal permeability and BT in the adapting remnant ileum after massive small bowel resection in mice. Intestinal permeability to macromolecules was shown not to have increased after massive bowel resection, but the rate of translocation to the mesenteric lymph nodes and liver was elevated. The authors concluded that the mechanism for BT after bowel resection was not related to gut permeability.
A complex of several immunologic and nonimmunologic factors maintains the barrier function of the gastrointestinal tract. The immune system of the intestine includes Peyer's patches, lymphoid cells located within the intestinal lamina propria, intraepithelial lymphocytes (IEL) and aggregated lymphoid tissue within mesenteric lymph nodes. In a recent experiment, Wildhaber et al. [46] investigated gene alteration of IEL following small bowel resection in mice and showed that IEL undergo temporal changes after bowel resection. The authors concluded that these observations provide profound insight into potential IEL-dependent regulation of enterocyte homeostasis in addition to their role in gut barrier function in SBS.
Although sepsis is commonly associated with or complicates SBS, endotoxemia itself may affect intestinal regrowth after bowel resection. We investigated the effect of lipopolysaccharide endotoxemia on intestinal adaptation in a rat model of SBS [47] . Our results established that endotoxemia inhibits structural intestinal adaptation and increases mortality following massive small bowel resection in rats .
Hepatic failure and SBS
Liver disease is the second (after sepsis) most significant risk factor for morbidity and mortality in patients with SBS. Abnormal liver function occurs in 30-60% of patients who underwent massive small bowel resections and is one of the main reasons for long-term use of TPN, for underlying disease necessitating TPN for adequate nutrition, and for the gastrointestinal dysfunction associated with the absence of enteric nutrients while receiving TPN [48] . TPN-related liver disease is usually related to intrahepatic cholestasis in children and to steatosis in adults. Long-term TPN is frequently complicated by a syndrome of progressive cholestatic liver disease that is considered to be irreversible beyond the early stages of cholestasis, particularly in the presence of any degree of fibrosis in the liver. About 3-19% of children with SBS eventually develop hepatic failure and require liver transplantation. Multifactorial theories on the origin of parenteral nutrition-associated cholestasis have not yet succeeded in defining its pathogenesis nor have they resulted in a solution to the problem. Identification of those factors that improve hepatocyte secretion and bile formation and flow will pave the way for new therapeutic strategies to improve overall survival of patients with SBS.
Quiros-Tejeira et al. [49] analyzed the outcome of 78 children with SBS who required long-term parenteral nutrition. The authors showed that TPN-associated early persistent cholestatic jaundice as well as small bowel length (i.e., <15 cm) were linked with a higher mortality rate. Weber and Keller [50] examined the effects of liver dysfunction and portal hypertension on intestinal adaptation in 42 infants with SBS. They demonstrated that time to feeding tolerance increased significantly with advanced liver disease (Child's classification) and concluded that cholestatic liver disease, especially when associated with portal hypertension, adversely affects bowel adaptation in SBS.
SBS and transplantation
The surgical treatment of SBS has been traditionally based on the correction of mechanical obstruction, which is responsible for bacterial overgrowth on increase in intestinal absorptive surface area and on slowing of intestinal transit. Since the introduction of clinical IT by Lillehei in 1964 [51] , IT and multivisceral transplantation have become the clinical challenge of the new millennium. Research is now focused upon improvement in the technique of transplantation, in the identification of the immunosuppressive regimens to control rejection and in the postoperative monitoring and critical care of the recipient.
The indications and timing of IT are still controversial. In a recent clinical trial, Atalay et al. [52] tried to evaluate the indications for IT and concluded that stable patients with a very short bowel are suitable candidates for IT. However, when the colon is intact, regardless of small bowel remnant length, the patient should be given a chance to develop intestinal adaptation before making the decision for an IT.
Rescue with tissue-engineered small intestine after massive small bowel resection in rats was recently described [53] . Anastomosis of this material significantly improved the animals' postoperative weight and B12 absorption after bowel resection. Gunsar et al. [54] examined the growth ability of intestinal neomucosa on a serosal surface in order to assess its histologic maturity in a rat with SBS; neomucosa showed histologic maturity and structural similarity with the native small bowel mucosa after eight weeks of growth.
Small intestinal submucosa has been considered for use as an extracellular matrix in tissue engineering. Wang et al. [55] recently interposed a 2-cm length of tubular small intestinal submucosa graft from donor rats with a bilateral anastomosis in the middle of an isolated ileal loop, and documented a rapid regeneration of mucosa and smooth muscle in the graft. The authors concluded that a small intestinal submucosa graft might be a viable material for the creation of neointestine.
Clinical trials in SBS
Although extensive studies in various experimental models of SBS have identified a variety of factors that promote intestinal proliferation and nutrient absorption, only a few clinical trials have focused on the effects of these factors on intestinal growth in humans. McDoniel et al. [56] evaluated the use of clonidine (alpha2-adrenergic receptor agonist) in two patients with SBS and high intestinal outputs who were refractory to conventional therapy with antidiarrheal and antisecretory agents. They showed that oral clonidine, 0.1 mg twice daily, decreased one patient's ostomy output from approximately 4 l/day to approximately 1 l/day, eliminated the need for parenteral nutrition and intravenous fluids and decreased the need for opiate therapy. The addition of oral clonidine, 0.2 mg twice daily, in the second patient resulted in decreased rectal outputs from approximately 4 l/day to approximately 1.5 l/day. Kato et al. [57] recently demonstrated that parenteral cimetidine significantly decreased stool fluid excretion, urine output and electrolyte loss following massive small bowel resection in patients with gastrointestinal cancer. Seguy et al. [58] assessed treatment with low-dose of growth hormone for 3 weeks in 12 adult patients with SBS. The treatment increased intestinal absorption of calories, nitrogen, carbohydrates, and fat and was associated with increased body weight, lean body mass, D-xylose absorption, insulin-like growth factor 1 and insulin-like growth factor binding protein in plasma. The authors concluded that three weeks of low-dose growth hormone significantly improved intestinal absorption in TPN-dependent SBS patients who were on a hyperphagic western diet.
Despite vast recent advances in our understanding of the pathophysiology of SBS and of the cellular and molecular mechanisms of intestinal adaptation following massive small bowel resection, more questions have been raised than answered. Additional studies should be performed to determine the molecular and cellular mechanisms of nutrient absorption following the administration of different proadaptive factors, to define the mechanisms of cell proliferation and apoptosis during intestinal adaptation, to identify new factors that stimulate bowel regrowth after bowel resection, and to determine basic mechanisms of nutrient growth factor interaction and the clinical efficacy of combinations of different factors. Further advances in the research of SBS may well be lifesaving for many infants, children and adults facing massive small bowel loss who would not have survived in the past. These advances also represent major challenges in decreasing morbidity and in improving our care of these patients and their families.
